The paper presents the implementation of query execution system Qios. It serves as a lightware system for the manipulation of XML data. Qios employs the relational technology for query processing. The main aim in the implementation is to provide a querying system that is easy to use and does not require any additional knowledge about the internal representation of data. The system provides robust and simple solutions for many design problems. We aimed to simplify the internal structures of query processors rooted in the design of relational and object-relational query processors. We propose efficient internal data structures for the representation of queries during all phases of query execution. The query optimization is based on dynamic programming and uses beam search to reduce the time complexity. The data structure for storing queries provides efficient representation of queries during the optimization process and the simple means to explore plan caching. Finally, main memory indices can be created on-the-fly to support the evaluation of queries.
INTRODUCTION
The Internet contains large amount of different data sources accessible through ftp files, XML or HTML documents, and the wrappers around relational and object-relational database systems. The data available via such data sources may vary from simple lists of records, catalogs containing large amounts of flat tables, to complex data repositories including large conceptual schemata and tables composed of complex objects [2, 18] . Querying Web data sources poses several new problems such as uniform access to the data sources, integration of information provided by the data sources, and efficient manipulation of large data sets.
Our work focuses on the design of robust and flexible query execution system for querying and integration of data from Web data sources. The design of query execution system Qios [22] is based on the existing work on relational and object-relational query execution systems [9, 12, 6] . The kernel of algebra comprises relational operations extended for the manipulation of complex objects. Further, the algebra includes a set of operations for querying conceptual schemata. These operations allow for browsing the conceptual representation of data sources and using the elements of conceptual schemata for querying extensional data [20, 19] .
We investigated the efficient and robust design of the internal structures of the query execution engine. In order to simplify the internal structure of system a single data structure is used for the representation of queries during all phases of query execution. The algorithm used for the optimization is based on graph representation of query trees and query transformation rules. Query transformation is seen as matching rule input tree against a query tree and than duplicating the rule output tree. Similarly, query evaluation module uses the same structure for the implementation of scans. Finally, to provide efficient implementation of query optimization and evaluation queries are stored in a data structure called Mesh [8] . The data structure is refined to provide efficient access to the stored queries.
The query optimization algorithm is based on a version of dynamic programming called memoisation. The most promising results were obtained with optimization algorithm which uses beam search for the exploration of the hypothesis space of equivalent queries. Further, we explore plan caching [10, 15] which speeds up significantly the subsequent execution of queries issued on the same domain.
The query evaluation is based on dynamic selection of the query evaluation plans. We use a simple strategy that exploits the large quantity of main memory which is lately provided by almost any personal computer. The main memory indices can be constructed on-the-fly to support query evaluation. The construction of indices is based on standard index selection rules available from any database textbook. For instance, hash-based index is used whenever a larger tables has to be joined. In this way we achieve fast performance of query processor for relatively large quantities of data. Furthermore, the user does not need to concern about the details of query evaluation process.
The paper is organized as follows. The following section presents the data model used for the representation of data from Web data sources. Section 3 introduces the basic operations of algebra and presents the examples of queries. The main portion of paper presents the implementation of algebra. Section 4 describes storage manager, parser, query representation, query optimization and evaluation. Section 5 overviews the empirical results of query execution in Qios. Finally, concluding remarks are stated in Section 6.
DATA REPRESENTATION
The data model used for the representation of data stored at different types of data sources must meet the following requirements. First, the data sources provide various types of data including semi-structured data, XML data, (flat) relational tables, and objects represented by object-relational database models. Third, we expect that besides the extensional data, the data sources will include large amounts of intensional data describing the structure and the contents of the extensional databases.
The F-Logic data model has been chosen as the formal basis of the data model. It can represent all of the above mentioned types of data structures: it was shown that it can serve as the basis for the representation of the semistructured data, it provides a convenient representation of the relational and the object-relational database models, it can be used for the representation of complex objects, and, it can be used very naturally to represent intensional data [13] .
The main features of the data model used in the query execution system are as follows. Each object has a unique identifier and a value which represents its properties. An object is seen as the unity; it can be referred to in queries using the identifier, using the value of object, or both. The type constructors set and tuple are used for structuring object values. Next, objects can have methods which describe the behavior of objects. The IS-A hierarchy can be defined among the objects and the properties of objects may be inherited to more specific objects. The classes are treated as objects which values represent their static types. Finally, the object value can include ground objects as well as class objects. The comprehensive presentation of the F-Logic data model can be found in [13] .
ALGEBRA
Let us first present the main aspects that were important for the design of the algebra. Firstly, the algebra has to be based on sets since this is the primary data structure used in the relational and object-relational models as well as in the novel data models. Further, the existing relational and also object-relational database systems extend the architecture of query optimizers proposed by the early relational systems. These are based on the relational algebra, using algorithms based on dynamic programming for the query optimization. It is therefore feasible to explore the extensions of the existing techniques for the new data environments.
The operations for inquiring about the basic properties of objects which relate to the representation of objects are called model operations. Besides the standard comparison operations =, >, >=, <, <=, the set operations ∈ and ⊆, and the component selector operator ".", which are defined in relational algebra, the algebra includes the following model operations. The operations ext and exts map class objects to the sets of theirs members, or the set of their instances, respectively. Next, the operation class of allows for the mapping of the ground objects to their parent classes 1 . Further, the poset comparison operations ≺o, o, o and o are used to relate objects with respect to the partial ordering relationship defined among objects. The operations subcl and supcl map class objects to a set of their subclasses or superclasses, respectively. Finally, the operation =~is defined for searching the text using regular expressions. The operation =~is defined as in the Perl programming language. The declarative operations of the algebra are used for the manipulation of the sets of objects. The detailed presentation of the model and declarative operations can be found in [20] . The following groups of declarative operations are defined in the algebra.
Relational operations. These operations include standard relational operations select, project, union, differ and join which are extended for the manipulation of objects. Nested-relational operations. The operation group(s,a,b) is defined similarly to the SQL group-by construct. It groups objects from s by the values of attributes from the set a. The values of the attributes which are not in a are stored as the relation which is the value of the attribute b. The operation unnest(s,a) is used to unnest a set valued attribute a of objects from the argument set s. Object-restructuring operations. The operations collapse(s,a) collapses the tuple structured attribute a nested in the objects from the set s. The operation flatten(s) is used for collapsing the set of sets s. Operation apply [3] . The functional operation apply(s, f ) is used for the application of a query expression f to a set of objects s. This operation is useful for the application of a query to the sets of objects that can be located at different sites.
Examples of Queries
The following two tables are used as the working data environment in the examples. The syntax used for the definition of classes follows the syntax of F-Logic. The symbol ⇒ is used for the definition of a single valued attributes and the symbol ⇒ ⇒ denotes multivalued attributes. Let us now present an example of a query which inquires about the properties of conceptual schemata. The following query selects all class objects which are more specific or equal to the class object vehicle and more general than the class object car. Note that the operation subcl maps a class object to the set of its subclasses.
IMPLEMENTATION OF QUERY EXECUTION SYSTEM
Qios (v0.9) is a system for the manipulation of data from internet data sources. The system is intended to serve as the lightware kernel of a data manipulation server. The main aims in the design of Qios are to provide: capabilities to manipulate collections of data in a fast manner, various data manipulation functions from classical querying to data restructuring, and, the capabilities to organize, store and browse the data collections obtained from the Internet data sources on the local host. The system currently provides the interface for XML. The treatment of other data formats requires the addition of the interface routines for the conversion of data into internal database format.
Qios is implemented in Perl which is one of the most widely used Web programming languages. Perl programming environment offers a rich and well-organized collection of Perl modules covering most of modern data formats as well as database interfaces. Recent studies [17] suggest that, especially for text and data manipulation tasks, the performance of Perl is comparable to the performance of the programming languages Java and C++.
The query execution system Qios is composed of the following components: the storage manager, the parser, the subsystem for query optimization, the subsystem for Web access, and the query evaluation subsystem. In this section we overview the implementation of the Qios components. Not all operations of the presented object algebra [20] are implemented in the current version of system. The operations that are included are: model-based operations, the operations select, project, and join.
Storage manager
Every Qios object has an identifier denoted as object identifier or oid. Objects can have functional or multi-valued attributes. The term "attribute" corresponds to what is also called object component or data member. The range of the functional attribute can be an atomic value: number, string or object (oid). Multi-valued attribute is an array of atomic values. The data model of Qios is formally presented in [21] .
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Figure 1: Storage manager
From a programmer's perspective, an object is a reference to the associative (hash) array and an attribute is a hash entry which can be either a typed scalar or a reference to an array of typed scalars. Storage manager differentiates between two kinds of objects: class objects and individual objects (instances). Each class object is associated to the set of its sub-classes and its instances. The storage manager implementation is based on the hierarchical and network data models: class, its instances and sub-classes are linked in a ring realized by a double linked list.
Types
Qios distinguishes between two sorts of types: atomic type and tuple-structured type. Atomic types are: number, string and object. The type object is a generic term that stands for object identifiers referring to user-defined types which are all subclasses of object. Actually, object is the oid of the root class object. Tuple-structured types have attributes that are either functional or multi-valued (implemented as refs to arrays). The range of functional and multi-valued attributes can only be atomic types.
As suggested by the above description, types together with the corresponding identifiers form class objects. The structure of the Qios database can then be viewed uniformly as partially ordered set of objects: class objects and instances (individual objects) are interrelated by the inheritance (isa) and instantiation relationship.
Record manager
The record storage manager is based on the Berkeley DB storage system providing access to different storage structures such as for instance hash-based index or B+ tree. Record manager implements a data store for records representing individual and class objects. Records are treated as arrays of bytes, the structure of which is known at the object level. Each record has a record identifier (abbr. rid) implemented as system generated identifier which is used as the key for the hash-based index in Berkeley DB. Therefore, records are stored as oid/value pairs where the values are packed in the sequences of bytes. Record manager includes the methods for the work with object identifiers, routines for reading and writing records, methods for the realization of the hierarchical database model, and access to main memory indices that are associated to the class object.
Object manager
The object manager serves as a cache of objects loaded from Web as well as for storing intermediate results during query processing. Qios persistent objects are objects that are tied to the database via object manager. Each object has an identifier which is implemented by means of record identifier from the subordinate level. External identifiers which are unique within the datafile can be assigned to objects when they are created. Object cache is realized using LRU (least recently used) strategy for the selection of objects to be removed from cache. The size of object cache can be set as the system parameter via the configuration record of a datafile as well as at run-time.
Object manager handles relationships between instances and class records (objects) in a similar manner as in early network and hierarchical database storage systems. Each class is realized as a list including all instances as well as subclasses. Ground objects are added at the beginning of the list and the class objects are added at the end of the list.
The implementation of objects is based on associative arrays (or mappings) which map object identifier to the value of the specified attribute. The module includes simple and uniform routines for the manipulation of the instance objects and class objects. The routines can create and delete objects, set and retrieve (get) the values of object attributes, relate objects to inheritance hierarchy and update operations. Two different get and set methods are implemented for reading and updating single and multivalued attributes.
Objects can be accessed either directly using object identifiers, or through scan operator (iterator). When accessed using object identifiers, objects are manipulated through the main memory pointers to objects in cache. User is responsible that object is accessed each time before it is used. Routines for update operation mark the object "changed" when components are altered, unchanged objects do not need to be treated thereafter. When objects are accessed using scans they are obtained by means of iterator. The following scan operators are provided: sequential scan over class extension and sequential scan over all class instances of a class, and hash or B-Tree index scan on class extension as well as the scan over all class instances.
Parser
This module includes the implementation of a parser for the algebra expressions. The algebra expressions are checked for syntactical errors and then translated into query trees.
Lexical analysis is implemented using a simple lexer which converts a query into a sequence of tokens including operation codes and constants. Parsing and translation are realized by a top-down examination of the query expressions based on methods for LL(1) grammars.
The query expressions are represented during the query compilation and execution as query trees. A query tree is a graph (dag) which vertices are query nodes. The vertices are linked with respect to the parse tree. Two types of nodes are used for the representation of queries: the query nodes are tree nodes representing set operations (e.g. operation join), and the parameter nodes are tree nodes for the representation of parameter expressions (eg. join parameter expression). The basic skeleton of the query tree is constructed during the parsing process. The variables and the names of the data sources and spans are stored in symbol table symtab. The query nodes represent the operations, spans linking rules, and access methods. The data for the different phases of query processing is stored in the same tree nodes. Each particular module (e.g. query optimization) manipulates its own view of query nodes.
The parameters of the set operations select, project and join are abstracted using parameter nodes. Parameter node is an abstraction of parameter expression. It stores information about the query sub-tree corresponding to the parameter expression: it includes references to the root of expression sub-tree, reference to the variables, and references to the data sources of variables. The parameter nodes play vital role for the representation of rules as well as for the rule matching procedure. After a parameter expression is represented by means of a tree and tied to the query tree, a method for the evaluation of parameter node can compute the output from given inputs by means of a tree representing parameter expression.
Symbol table symtab is used for handling query variables during parsing and type-checking, and for preparing rules for matching. A symbol name appearing in the query expression can be either the name of data source, query variable or the name of a span. The entry of symbol table includes the name of symbol and the reference to the query node representing data source, variable or span.
Type-checking
Type-checking is implemented by procedure computing the types of query nodes bottom-up, that is, from access methods toward the root of query tree. The class objects related to the access methods are retrieved during the parsing process. The type of a query node is stored by constructing a new class object. 
Type-checking is used after the creation of query tree to check the correctness and to assign types to all nodes of query tree. Similarly it is used in rule matching procedure after structural matching. Here it is employed for the final verification of the rule matching procedure.
Query optimizer
The query optimization subsystem is composed of the following main modules. The query tree manipulation module includes routines for manipulation of query trees, application of rules on the nodes of query trees, and property functions by which the physical and logical properties of the query tree nodes are determined.
The cost function is realized by a separate module. The extensions of the cost functions used for the relational query optimizer are defined. The optimization module comprises the algorithms for the optimization of query expressions. The algorithms which are studied are the exhaustive search and an algorithm based on dynamic programming.
The core of the module is the data structure mesh for the representation of sets of queries. Common sub-expressions of queries are shared ie. each query is represented in mesh only once. Queries are organized into equivalence classes. Let us first present the data structure Mesh.
Mesh
mesh stores query expressions as query trees organized as a directed acyclic graph (dag). The query trees share common parts hence there is only one representation of a query expression in mesh. Further, the query trees are organized into equivalence classes including logically equivalent queries. mesh has three entry points.
First, queries can be accessed using the unique identifiers which are created when query is entered in mesh. The mapping is realized between query trees (roots of) and the entries in mesh holding the queries.
Second, queries in mesh can be accessed through the equivalence classes which again have unique identification generMethod: optimize(q) Input: a query tree q Output: optimized query tree q' Algorithm:
(1) repeat (2) foreach (sub-query s of q) (3) optimize(s); (4) compute the cost of q; (5) foreach (transformation p of q) (6) compute the cost of p; (7) if (p not in equiv-class(s)) (8) store p in equ-class(s) ; (9) if (N queries from equ-class(q) checked) (10) return best q' from equiv-class(q); (11) pick q with lowest cost from equ-class(q); Figure 4 : Optimization algorithm ated on the creation of the equivalence class from the first query expression. The inverse relationship from the query trees (roots of) to the equivalence classes is also defined.
Third, queries can be accessed using the normalized query expressions (character strings) as the hash index targeting roots of corresponding query trees.
In spite of various access methods to mesh, queries are defined free of the cover data structures. Each query node includes solely a reference to the equivalence class to which it belongs.
Optimization algorithm
The algorithm for query optimization is based on dynamic programming. The optimization is performed top-down: the procedure starts in the root, descends recursively to subtrees, computes all logically equivalent queries, places them in the equivalence class, picks the next query from equivalence class and starts at the beginning until all alternatives are considered. The algorithm is presented in Figure 4 .
From the point of view of the actual computation of optimal query tree, this query optimization algorithm works bottom-up: the leaves of the query tree are optimized first progressing then upwards toward the root of the query tree.
We use the variant of dynamic programming algorithm called memoisation which stores the optimal results of the subqueries and uses them in the computation of the composed queries. A simple brute force enumeration of all reasonable compositions of operations from a given query to provide the basis for classical dynamic programming would be computationally too inefficient. The enumeration of equivalent queries of a given query have to be guided by some formin our case, the compositional structure of query.
Memoisation is realized in a very simple manner. Every time a query is to be optimized we first check Mesh if the optimal query already exists for a given equivalence class of Let us now present some aspects of the complexity of query optimization algorithm. The equivalence class comprises a sorted list of queries that are the candidates for the optimization. The cost function is used to order the list. The search space can be reduced by selecting only the most promising queries. This type of optimization is called a heuristic beam search. The algorithm is sub-optimal since heuristic function based on cost estimation is not admissible or monotonic.
The practical experiences show that the presented algorithm based on dynamic programming is fast enough for the optimization of complex bushy trees with up to 10 classes.
Rules
The query transformation rules are used for the transformation of query trees into logically equivalent query trees that have different structure and potentially a faster evaluation method. The logical optimization rules are in Qios specified in a language that follows strictly the syntax and the semantics of the Qios query expressions.
A rule is composed of the input pattern and the output pattern. The input and output patterns are connected by means of common variables and common data sources. The links among the variables define the meaning of the rule. The input and output patterns, ie. query expressions, are "terminated" using special operators called spans. A span is a virtual operation which can match any algebra operation. The rule (i/o) patterns can then be seen, from the perspective of parse trees, as the upper parts of query trees with the abstract leaves.
Example 4.2. Let us present some examples of rules used for the optimization of relational operations. The names of all spans begin with $. The first and the second rule presents pushing selection down and up. The third rule describes the associativity of join. match1 = select( join( $q1, $q2, x,y$p1 ), z$p2 ) subst1 = join(select( $q1, z$p2 ), $q2, x,y$p1 ) match2 = join( select( $q1, z$p2 ), $q2, x,y$p1 ) subst2 = select( join( $q1, $q2, x,y$p1 ), z$p2 ) match3 = join( join( $q1, $q2, x,y$p1 ), $q3, z,u$p2 ) subst3 = join( join( $q1, $q3, z,u$p2 ), $q2, x,y$p1 )
The query transformation rules are from the external form (augumented query expressions) transformed into the representation which is based on the query tree representation of query expressions. The input and output patterns of the rule are represented by the input and output query trees. These are connected by the links relating variables, data sources and parameters of the input and output patterns of rule as presented in Figure 5 .
Given a query tree and a rule, the matching procedure can be viewed as an attempt to cover the root of query tree with the input rule pattern ie. query tree. It is realized by a procedure that descends in parallel on both query trees and matches the corresponding query nodes.
The first part of matching completes successfully if all nodes from the input rule pattern match the input query tree. The second phase of matching is type-checking of the transformed input query expression. The construction of transformed query, ie. the target rule pattern on top of the matched input query tree, is realized after successful first phase of matching. The nodes of the input and output patterns (query trees) are linked in spans as well as through some operations. The output pattern of the rule can serve as the "test" construction on which the type-checking procedure is executed. The rule matches completely if the typechecking routine completes successfully. The final transformation phase is now easy since the output pattern can be simply duplicated and linked to the input query tree at spans. At the same time indices are added to the access paths of mesh.
Cost function
Module includes the implementation of a cost function that is used to estimate the number of bytes processed by the physical query tree including the cost of materialization of the intermediate query evaluation results. The computation of the cost estimation for the operations select, project and join is realized using standard relational formulas based on the selectivity of attributes and presupposing the normal distribution of attributes values.
The computation of statistics for classes is generated dynamically, triggered by query compilation procedure when classes are loaded into the main memory. The following data is gathered for a given class: the number of class objects, the size of objects and the cardinality of all attributes.
Query evaluation system
The query evaluation module is based on the iterator-tree representation of the query evaluation plans. The physical query execution plan is computed from the optimized query trees by adding to the existing query nodes information about physical operation that will implement given logical operation (query node). The query nodes already contain information about the statistics, index selection, and cost estimation.
The main strategy which was used in the implementation of query execution is to select reasonably fast access methods on-the-fly without considering alternatives. Simple rules are used for index selection. Firstly, if selection or join is based on equality of attributes than hash-based index is generated. Secondly, if selection or join involves range predicate we use B-tree index. The selection of query execution plan is implemented by the procedure which computes physical operations for all logical operations (query nodes) forming the physical query tree in a bottom-up manner.
The physical algebra operations implemented in Qios are sequential scan, nested-loop join, hash-based index, and indexbased nested-loop join. The hash-based access methods allow the efficient evaluation of the queries including equality and index-based plan serves for the evaluation of range queries. The procedures for the selection of physical operations are integrated in the routines that open scan operator for query nodes (logical operators).
After the selection of the physical operations the same skeleton of the query tree is employed as the iterator tree for the evaluation of physical query. The query evaluation can be seen as the tree structured pipeline where sub-nodes need to provide the next tuple for the evaluation of the current query node [9, 11] . The result of the logical query optimization are bushy query trees. The results of the inner sub-trees have to be materialized in order to avoid repeating evaluation.
XML loader
XML loader provides the interface to the Web. It can read XML data from local files as well as the internet data sources. The XML files are parsed and translated into the internal representation using a parser SAX. Module includes the procedures for loading XML data, conversion of the DTD schemata into internal database schemata, and discovery of database schemata from XML data.
The rules for translation of DTD files into object schemata are as follows. XML attributes are converted into functional (relational) attributes. XML elements described with more than one components (elements) and attributes are converted into classes. The creation of classes for attributes that include single data entry (XML attribute or component element) is controlled by the parameters collsvd and collmvd that will be described in the sequel.
A method for schema discovery from XML data groups the information in order to construct the object schema rooted around the top-level data elements. The types of elements are computed by determining the least general type that covers all instances.
Two parameters are used to control the creation of schemata. The boolean parameter collsvd controls the collapse of singlevalued elements into the subsuming relation. By turning the option collsvd on, all the single-valued elements are included in the upper-level relational schema. This parameter is used when we want to get rid of nested elements. Similarly, the boolean parameter collmvd controls the collapse of multivalued attribute.
EMPIRICAL RESULTS
This section presents the initial experimental results. A simple artificially generated database is used for the experiments. We constructed eight tables that include three attributes: the first two attributes are of type integer, and the last one is a string. Each table includes 10000 randomly generated records: the first two attributes are set to random integer number in the range of 0 to 5000. String includes 300 characters.
The queries used in the experiments form a chain of joins of length N . Each query is restricted by a selection to force small number of query output records. The following example presents test query that forms a chain of 5 classes.
Example 5.1. The query in this example joins classes using the attributes p1 and p2. Note that the expressions of the form r :: p represents the name of attribute p defined for a relation r. The condition u.r1 :: p1 < 5 restricts the output to small number of records. The empirical results are presented in Figure 6 . We observe two separate executions of the same query. The first is executed after the system is started; in this case the statistics and the indices are not created initially. The second execution is performed after the first one is completed so most indices are already created. We observe the following parameters: number of joins (# ), the execution of query after system startup (first time 1) or later (second time 2), time needed for the compilation of query including computation of statistics (Comp), number of classes for which the statistics was computed (Stat), optimization (Opt), evaluation of query including the creation of indices and console output (Eval), number of created indices (Inx), and, finally, the amount of memory used by the system (Mem). Time is specified in milliseconds. The experiments were done on Pentium 4 computer with 500MB RAM running FreeBSD.
Let us now give some comments on empirical results presented in Figure 6 . Firstly, it is obvious that the creation of indices for larger tables can significantly slow down the overall performance. This pays off through the efficient evaluation of queries. Indices are usually constructed gradually: the overall computation is performed for sequence of queries where the previous queries may trigger the construction of indices used by the subsequent queries. Least recently used indices are dropped if there is no more room in the main memory for a new index. This did not happen during the experiments presented in Figure 6 . The amount of memory used during query execution never exceeds 87M which is acceptable for practically all recent personal computers.
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RELATED WORK
All recent database algebras have evolved from the relational database algebra proposed by Codd in [4] . Although some algebras do not include the operations of relational algebra directly, each of them is relationally complete i.e. it includes the ability to compute selection, standard set operations, projection and Cartesian product.
Our work on object algebra has been influenced by the early functional query language FQL proposed by Buneman and Frankel [3] and by some of its descendants, for instance, the functional database programming language FAD [5] . The algebra is by its nature a functional language, where the operations can be combined by the use of functional composition and higher-order functions to form the language expressions. The presented object algebra can be treated as a generalization of FQL for the manipulation of objects. It subsumes the operations of FQL, i.e. operations extension, restriction, selection and composition.
Let us now present the work related to the implementation of the presented query execution system. Firstly, the implementation is closely related to the implementation of Query Algebra originally proposed by Shaw and Zdonik in [23] and implemented by Mitchell [16] . In particular, we have used a similar representation of query expressions by means of query trees. Furthermore, the representation of query expressions in Qios is optimized by using single operation nodes and query trees during all phases of query processing.
The design of the query execution system was based on the design of Exodus optimizer generator [8] and its descendant Volcano [11] . The data structure MESH used in Exodus query optimizator generator is improved by adding additional access paths. The data structure can be accessed through: unique identifier, normalized query expression, and equivalence class. The algorithm for query optimization is rooted in Graefe's work on Volcano optimizer algorithm [11] . This algorithm uses top-down search guided by the possible "moves" that are associated to a query node. The algorithm uses memoisation to avoid repeated optimization of the same query. The search is restricted by the cost limit which is a parameter in optimization.
We intended to implement a lightware system able to manipulate middle size XML databases including up to some 100.000 records. This size is reasonable for most of collections appearing on the Web as well as in our local data environments. One of the aims in the design of Qios was to exploit this advantage. The design of Qios has the following salient features. A single data structure is used during the complete optimization and evaluation process. The central data structure of query optimization Mesh is robust and simple to use. Rules are treated as query trees and rule matching and application procedures are based on graph (tree) algorithms.
The computation of query execution plan that uses indices created during query evaluation has similar objectives: it is expected that XML database will be of the above stated size and that the user is not informed about the existence of indices and the selected access paths during the execution. All decisions about the creation of main memory indices are done by the system.
CONCLUSIONS
The paper presents the implementation of an object algebra. The data model based on F-Logic provides a convenient environment for the representation of semi-structured as well as structured data. Algebra includes standard operations on sets which evolved from the relational and nestedrelational algebras and the operations for querying the conceptual schemata. Object algebra is implemented in the query execution system Qios which is rooted in the architecture of the relational and object-relational query processors.
